During polymer translocation driven by e.g. voltage drop across a nanopore, the segments in the cis-side is incessantly pulled into the pore, which are then pushed out of it into the transside. This pulling and pushing polymer segments are described in the continuum level by nonlinear transport processes known, respectively, as fast and slow diffusions. By matching solutions of both sides through the mass conservation across the pore, we provide a physical basis for the cis and trans dynamical asymmetry, a feature repeatedly reported in recent numerical simulations. We then predict how the total driving force is dynamically allocated between cis (pulling) and trans (pushing) sides, demonstrating that the trans-side event adds a finite-chain length effect to the dynamical scaling, which may become substantial for weak force and/or high pore friction cases.
The dynamics of translocation, i.e., the polymer passage through a narrow pore, has been actively studied more than a decade [1, 2] . In addition to its relevance to cellular biological processes, i.e., biopolymer transports in cells, the phenomenon has found promising applications in genome sequencing and related technology as a nanopore sensor [3, 4] . Being a unique mode of the molecular transport inherent in long flexible polymers, there have been numerous attempts to characterize the process and to uncover the underlying physics behind it [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Such efforts have led to the consensus that the tension is a key physical quantity, which is created in the polymer by the spontaneous segment motions and/or the action of the driving force [15] [16] [17] [18] [19] [20] . Now we have a fairly good description of the translocation process, which may be categorized according to the magnitude f of the bias as follows. (i) Unbiased regime: the tension imbalance across the pore arising from the segment exchange between cis and trans sides creates a long term power-law decaying memory [11] [12] [13] . This retards the process, leading to the anomalous (sub-) diffusion of the so-called translocation coordinate [9, 10] . (ii) Weakly driven regime: with weak enough force, the polymer conformation is essentially in equilibrium, and the same physics as that in the unbiased regime applies. The linear response theory then leads to the anomalous drift of the translocation coordinate [13, 14] . (iii) Driven regime: when the rate of the driving operation is faster in comparison with the terminal time of the polymer, the genuine nonequilibrium dynamics shows up [16] [17] [18] [19] [20] [21] . The action of the driving force is transmitted along the chain in the cis-side, which induces the sequential conformational deformation. Here to make the connection to the regime (ii) clearer, it is convenient to introduce the length scale ξ f ≃ k B T /f and the corresponding time scale τ f ≃ τ 0 (ξ f /a) z [22] with a, k B T being the segment size, thermal energy, respectively, and z is a dynamical exponent. The shortest (segment scale) time scale is denoted as τ 0 ≃ ηa 3 /k B T , where η is the solution viscosity. Initially, the process takes place locally in the close proximity to the pore, and the equilibrium treatment is valid up to t = τ f , during which the tension is transmitted up to g f ≃ (ξ f /a) 1/ν -th monomer according to the mechanism in regime (ii). The subsequent larger scale process is governed by the driving force, thus, described by the nonequilibrium regime (iii), which eventually dominates the scaling limit. This consideration provides the border between the regimes (ii) and (iii) as g f ≃ N 0 ⇔ f ≃ k B T /(aN ν 0 ), the threshold force being rather weak for long chains, where N 0 is the polymerization index of the chain. For strong enough force (f > ∼ k B T /a), one only has the regime (iii) in the entire process.
We remark here an important distinction between regimes (ii) and (iii). While in equilibrium regime (ii), one can treat the cis and trans sides on even ground, a qualitative difference should unclose as a characteristic feature in the nonequilibrium driven regime (iii). Here, compared to the sequential stretching of the cisside chain owing to the propagating tension, the chain portion, which is pushed out of the pore faster than it relaxes in the trans-side, is compressed and resides dynamically in the crowded state. While the proper description of the cis-side dynamics constitutes a basis for our current understanding of the dynamical scaling in the driven translocation [16] [17] [18] [19] [20] [21] , the trans-side event has been mostly overlooked so far. Although the occurrence of the dynamical crowding has repeatedly been addressed in recent literature e.g. through the observation of simulation snapshots [5] or the numerical results [8, 19] , it is poorly understood, and one is left with the question as to how the process in the trans-side can be described and when it becomes important. Below, we attempt to provide the answer to it. The driving force f sucks the cis-side polymer segments into the pore, then pushes them into the trans-side.
The polymer is stretched in the cis-side by the force f c , while it is dynamically compressed in the trans-side by f t , and the pore plays a role of the sink and the source in the cis-and trans-sides, respectively. There is also a frictional force f pore associated with the pore. To handle such a dynamically asymmetric situation on an equal footing, we introduce a length scale ξ( r); in the cis-side, this length is a tensile blob inversely proportional to the local chain tension, while it corresponds to the concentration blob in the trans-side, from which we can identify the thermodynamic force and the transport coefficient in the respective domains. Below the length scale ξ, the chain conformation is essentially in equilibrium, i.e., letting g( r) be the segment number constituting the blob, ξ( r) ≃ ag( r) ν [23] . In larger scale, the asymmetry shows up in such a way that the problem is essentially onedimensional in the cis-side, while it is three-dimensional in the trans-side. Keeping such a difference in the effective dimensionality d in mind, let us introduce the dimensionless segment density
, where d = 1 and d = 3 for the cis-and trans-sides, respectively, and
d and the transporting coefficient L( r) ≃ g( r)/(ηξ( r)) evaluated as a Stokes friction for each blob (non-draining case) [23, 24] , the constitutive relation for the segment flux j d ( r) and the thermodynamic force can be standardized as
(Color Online) Enlarged illustration in the vicinity of pore. Dashed circles represent closest blobs to the pore on the cis-/trans-sides.
where ∇ d is a d-dimensional Nabla operator, and D 0 ≃ k B T /ηa is the segmental diffusion coefficient, and we introduce an exponent p z = z −2 (> 0), which enables us to treat the effect of hydrodynamic interactions collectively, i.e., setting z = 3 reduces to the above non-draining case, while z = 2 + ν −1 represents the free-draining (Rouse) dynamics [16, 23] . With the continuity equation of segments, this leads to the nonlinear diffusion equation of the type of porous media equation [25] . Note that the exponent p ν,d ≡ (1 − dν)/ν has different signs in the cis-and trans-sides [26] [27] [28] [29] . From eq. (2), the case with plus (minus) sign indicates the enhanced [26] [27] [28] (suppressed [29] ) flux in less dense region. Such processes are called fast (slow) diffusions, which turns to be crucial in the following.
It is also useful to introduce the velocity potential
the gradient of which leads to the segment velocity
, hence its naming. Take x coordinate perpendicular to a thin wall with a small hole, which is located at the origin (Fig. 1) . We set the cis-side in x < 0 region, where the polymer is initially placed taking an equilibrium conformation. At t = 0, the translocation process begins, when one of the chain ends finds the pore. The segments are sequentially labeled from the first arriving end. At time t, M (t)-th segment is located at the pore, which is traditionally called a translocation coordinate in literature [9, 10] , while N (t)-th segment is at the rear end of the moving domain, which represents the dynamics of the tension propagation in the cis-side (see below and Fig. 1) .
Cis-side dynamics (d = 1): fast diffusion-Our dynamical equation in d = 1 dimension describes the stretching process [26] [27] [28] . The essential nonequilibrium feature here can be captured by what we call the twophase picture, in which the entire cis-side polymer is di-vided into the moving domain with a characteristic velocity v c and the yet quiescent domain (Fig. 1) . Integration of the velocity potential in the moving domain range, we have
where x = −R c is the location of the tension propagation front (see Fig. 1 ), and the positive numerical constant p ν,1 /p z of order unity is absorbed in D 0 . Given the nonuniform stretched conformation ξ(0 − ) ≪ ξ(−R c ), one can obtain the force-velocity relation for the cis-side polymer
where the boundary conditions v(0 − ) ≃ v c (t) (see ref. [18] and [17] arXiv) and ξ(0 − ) = ξ fc ≃ k B T /f c (t) are used (see Fig. 2 ). In addition, from the definition of the tension front, we have the relation
which traces back to the initial equilibrium conformation at t = 0. Trans-side dynamics (d = 3): slow diffusion-The trans-side decompression process can be described by our dynamical equation in d = 3 dimension [29] . Taking the spherical symmetry into account, the integration of the velocity potential leads to
where r = R t is the radial position of the decompressed front of the trans-side chain (see Fig. 1 ), and the positive numerical constant −p ν,3 /p z of order unity is absorbed in D 0 . To proceed, we assume that the velocity field rapidly decreases away from the pore so that the above integral can be dominated by the pore vicinity. We then find
where the boundary conditions v(0 + ) = v t (t) and ξ(0 + ) ≃ k B T /f t (t) are used. Equation (8) states that the force-velocity relation in the trans-side is regularized locally as the condition for the blob closest to the pore (see Fig. 2 ). This may be justified by the physical observation that the injection rate is controlled by the local condition in the pore vicinity, but not aware of the position of the decompression front R t (t). The contrast to eq. (5), which includes the global information R c (t), reflects a qualitative difference between the pulling and pushing operations. Indeed, this first blob is pushed by f t , which is balanced by the drag force against it, i.e.,
into it leads to eq. (8). Mass conservation through pore-We now patch the above described cis-and trans-sides dynamics by requiring the conservation of mass across the pore. The rate of segments sucked from the cis-side into pore is dM (t)/dt = [φ
, which is equal to the rate of segments pushed into the trans-side
Using the boundary conditions at the pore, it can be rewritten as
Eliminating v c and v t using eqs. (5) and (8), we obtain the expression of the tension front R c (t), hence N (t) via Eq. (6), in terms of the force allocation.
where, as already defined, g fc(t) ≃ (f c (t)a/k B T ) −1/ν is the number of segments in the blob immediate vicinity of the pore in the cis-side. To get a clear-cut time dependence of the fraction of the cis-side force θ(t) = f c (t)/f , wheref = f − f pore = f c (t) + f t (t), one can rewrite eq. (10) as
with gf ≃ (f a/k B T ) −1/ν and the function
which is monotone increasing given the domain θ ∈ (0, 1) (in practice θ ≥ 0.5, however. See below.) In Fig. 3 , we plot θ(t) as a function of N (t). At t ≃ τ f , which serves as the initial condition of the nonequilibrium driven regime (iii), the chain in the cis-side forms an initial tensed blob. This is connected to our remark in the introduction that, until this moment, cis-and trans-sides can be treated on even ground, thus, f c = f t . Along with translocation process advanced, the tension propagates in cis-side, and f c monotonically increases and eventually dominates in magnitude over f t . Since the normalization factor of N (t) is gf , the growth of θ(t) is unconcerned with the total chain length N 0 , thereby, the trans-side effect is irrelevant in the dynamical scaling scenario with the identification f c =f in the long chain limit [30] . It also predicts the smaller the driving force and/or the larger the pore friction, the larger the finite-chain length effect, since both of these make gf larger. The translocation time in the asymptotic limit can be derived as follows. In this limit, the tension propagation dynamics is described from eqs. (5), (6) and the first equality in eq. (9) dM (t) dt ≃ τ
This equation can be closed by an additional relation N (t) ≃ M (t) valid in the driven regime (iii) (see ref. [18] and [17] arXiv). Then, the tension propagation time τ is identified as N (τ ) = N 0 ;
which coincides in leading order to the translocation time. As is evident from Fig. 3 , the approach to the asymptote f c ≃f is rather slow, which may cause the subtlety and difficulty to measure the force exponent in eq. (14) . Finally, note gf → N 0 in the limit of the weak forcef → k B T /(aN ν 0 ), thus, we have a crossover to the weakly driven regime (ii) at this force, where the cisand trans-sides can be treated on even ground during the whole translocation process.
In summary, we have provided a lucid description on the cis and trans dynamical asymmetry in the driven translocation. The imbalance is further promoted under higher driving force (f > k B T /a), which leads to the almost full stretching in the cis-side. In such situations, we only need to modify exponents in the transport equation in cis-side as p z = 1 and p ν = 0 [26] . For our purpose, this requires replacing the counterparts in eq. (5) and the first equation of eqs. (9) . We can then show a similar result with A(θ) = θ 1/ν (1 − θ)
−(pz −pν,1+1)/ν and gf = (f a/k B T ) −(pz−pν,1)/ν . Note that gf no longer has the meaning of the initial tensed blob in this strong force regime; gf ≃ 1 atf ≃ k B T /a and getting smaller with the force, which indicates the faster approach to the asymptote θ = 1. A basic equation (eq. (2)) can also be applied to the polymer transport in different space dimensions with appropriate exponents ν and z. Therefore, the same asymmetric features would be verified in the translocation process, for instance, conducted in the slit geometry.
